Taking a reversible electrochemical reaction of elemental sulfur towards metallic lithium into consideration, it seems to be inappropriate to calculate Li + -ion diffusion coefficient (D Li ) within a solid-state cathode of carbon-sulfur composites using the concentration of lithium ions in electrolyte solution. In this paper, cross-linked non-porous carbon nanofibers (CNF) and mesoporous hydroxylated carbon nanofibers (m-HCNF) are prepared and comparatively utilized as sulfur-loading matrices to improve the lithiation-delithiation reversibility between molecular S 8 and metallic lithium. 
INTRODUCTION
As an alternative to the presently commercial rechargeable lithium-ion batteries (LIBs), the energy storage system of lithium-sulfur (Li-S) battery has received great attention owing to the high theoretical capacity (1675 mAh g −1 ), low cost and natural abundance of cathode sulfur [1] [2] [3] . Differing from the lithium intercalation-deintercalation mechanism of LIBs, Li-S battery works on the principle of the reversible redox reaction between sulfur and lithium and thus faces great challenges such as the low electronic conductivity of sulfur (5  10 -30 S cm -1 ) and the high solubility of intermediate polysulfides (Li 2 S n , 4 ≤ n ≤ 8) [4] [5] [6] [7] [8] [9] [10] . It is well-known that one of the most promising approaches is to develop porous carbonaceous materials for the complexing of conductive carbon and active sulfur [6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Apart from a high sulfur-loading amount, this porous carbonaceous framework with surfacependent functional groups can not only shorten the diffusion route of lithium ions but also retard the shuttling effect of intermediate polysulfides.
It has been reported that the cross-linked networks of nitrogen/oxygen dual-doping carbon nanofiber (abbreviated as CNF), replicated from the same self-assemblies of polymeric polypyrrole (PPy), can be endued with an interconnected, porous and channel-like nanostructure for the intercalation of lithium or for the loading of elemental sulfur or selenium [28] [29] [30] [31] [32] . When applied as cathode scaffolds of Li-S battery, the adsorption or confinement abilities of CNF's outside surface or inner voids, a robust mechanical feature of the electrochemically cycled frameworks, and even highcapacity properties of the carbon-sulfur composites, have been clearly demonstrated. As an example, the S-loading composite of N-doped microporous CNF webs can deliver a specific discharge capacity as high as 749.8 mAh g −1 at 0.2 C after 180 cycles [30] . Another example is the great progress in the activation and hydroxylation of these CNFs [32] [33] [34] , therein the resulting micropores could serve as electrochemical reaction chambers and the N-/O-containing functional groups could effectively bind with sulfur and polysulfide species. Anyway, it is still a far way to achieve the practical application of these microporous CNFs as conductive scaffolds for high-performance Li-S battery cathodes. In Li-S batteries, the reversible electrochemical reaction between elemental sulfur and metallic lithium should also deal with Li + -ion diffusions in electrolyte solution, across the interface between solution-state electrolyte and solid-state electrode and within the non-lithium intercalated cathode. Even if the electrochemical reaction in Li-S battery is an ion-diffusion controlling process, it seems to be inappropriate to calculate Li + -ion diffusion coefficient (D Li ) within a working electrode using the concentration of lithium ions in the electrolyte solution. Actually, according to the concentration of Li + ions in electrolyte, the obtained D Li values in literature reports [7, 22, 35, 36] are at the 10 -8 -10 -10 order of magnitude, which are much bigger than that of carbon-coated LiFePO 4 cathode at the 10 -12 order of magnitude [37] . Therefore, how to precisely evaluate and to improve the Li + -ion diffusion in porous CNF-sulfur composite should be of crucial importance presently. In this paper, the cross-linked networks of polypyrrole nanofiber (PPy-NF) were prepared and then used as precursors to derive cross-linked non-porous CNF and mesoporous hydroxylated carbon nanofiber (m-HCNF) by the simple carbonization and combined carbonization/activation routes, respectively. After the sulfur-loading at the carbon/sulfur mass ratio of 1:2, the resulting S/m-HCNF composite possesses a sulfur weight percentage of 62.0 wt%, higher than that (47 wt%) of composite S/CNF. When applied as Li-S battery cathodes at a dosage of 30 mL per gram of sulfur, composite S/m-HCNF delivers a reversible capacity of 884.1 mAh g -1 at 0.5 C in the 150th cycle, higher than that (599.3 mAh g -1 ) of S/CNF composite electrode operated at the same conditions. Comparing to the obtained electrochemical parameters (e.g., the internal resistances and the D Li value) of S/CNF, the enhanced reaction reversibility of molecular S 8 in composite S/m-HCNF with metallic lithium could be reasonably highlighted. Aside from the structural properties of the two modified CNFs and their composites with sulfur, the lithiation-delithiation reversibility of elemental sulfur was focused and discussed in detail in context.
EXPERIMENTAL

Materials and precursor preparation
All the chemicals, such as sodium persulfate (Na 2 S 2 O 8 ), concentrated aqueous solution of hydrochloric acid (HCl, 36-38%), hexadecyl trimethyl ammonium bromide (CTAB), pyrrole (Py) monomer and sublimed sulfur, are of analytical grade and were used without further purification. Ultrapure water (18.25 MΩ cm) was used throughout solution preparation and sample rinse.
Cross-linked polypyrrole nanofibers (PPy-NF) were synthesized via a modified oxidative template assembly route [38] . In a typical procedure, CTAB (1.092 g) and Na 2 S 2 O 8 (2.142 g) were sequentially added into a dilute HCl aqueous solution (60 mL, 1.0 M) under ice bath (0 -3 °C), forming the white reactive templates via a magnetic stirring. Then, Py monomer (0.83 mL) was added into the ice-bath reactor, and its template polymerization was performed for 24 h. And then, the black precipitate of PPy-NF was thoroughly washed with water and then absolute alcohol, dried at 80 °C in an oven for 24 h, and treated as a precursor for the next carbonization processing.
Modification and sulfur-loading of PPy-NF
Under nitrogen atmosphere the precursor sample of PPy-NF was heated at a rate of 5 °C min -1 and then kept at 700 °C for 2 h. The only carbonization of PPy-NF induces the formation of crosslinked non-porous carbon nanofibers, defined as the comparative sample of CNF.
At first, solid-state PPy-NF (500 mg) was dispersed into KOH aqueous solution (1 M, 9 mL), soaked for 1 h, and dried at 80 °C for 12 h. And then, the solid-state admixture of KOH and PPy-NF was heat-treated at 700 °C for 2 h under nitrogen atmosphere. Finally, the activated PPy-NF was thoroughly washed using aqueous HCl (60 mL, 1 M) and then water until pH~7.0. After drying at 80 °C for 24 h, the target sample of mesoporous hydroxylated carbon nanofibers was obtained, referred to as m-HCNF.
As-obtained CNF (or m-HCNF) and sublimed sulfur were mixed at a mass ratio of 1 : 2, ground in an agate mortar for 10 min, transferred into a porcelain crucible and heat-treated using N 2 flow (~50 mL min -1 ) at 155 °C for 10 h [39] . Correspondingly, the sulfur-loading sample was defined as the comparative S/CNF (or the target S/m-HCNF) composite.
Structural characterization
Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) were carried out on a JEOL JSM-6700F (10 kV) and JEOL JEM 2100 (200 kV) microscopes, respectively. Elemental analysis on the surface of sample was identified by X-ray energy dispersive spectroscopy (EDS). Nitrogen adsorption isotherms were measured on a micromeritics ASAP 2020 porosimeter at 77 K using a 10-second equilibrium interval. Thermogravimetric analysis (TGA) measurements were conducted on a Mettler Toledo TGA/SDTA851 machine with a heating rate of 10 °C min -1 under N 2
atmosphere. X-ray diffraction (XRD) patterns were recorded on a Rigaku D/max 2400 kV powder Xray diffractometer with Cu Kα radiation (λ = 1.5406 Å) in the 2θ range of 10 and 70°. Raman spectra were measured using a LABRAM-HR confocal laser micro-Raman spectrometer (632.8 nm). X-ray photoelectron spectroscopy (XPS) analysis was performed on a VG Scientific ESCALAB 220i-XL electron spectrometer using Al Kα radiation.
Electrochemical characterization
After the thoroughly mixing of S/CNF (or S/m-HCNF) composite (70 wt%), acetylene black (20 wt%) and sodium alginate (10 wt%), the homogeneous slurry was pasted onto an aluminum foil and dried at 60 °C for 12 h. And then, the foil was cut into discs with a diameter of 12 mm, and used as working electrodes with a sulfur loading of 1.0 ± 0. It should be mentioned that galvanostatic cycling tests were performed at 30 °C and the others were operated at room temperature.
RESULTS AND DISCUSSION
Modified structural characteristics of S/m-HCNF composite
As schematically shown in Figure 1 , at first as-obtained PPy-NF was subjected to a carbonization, or a KOH-assisted carbonization/activation, at 700°C for 2 h under N 2 flow (~100 mL min -1 ) atmosphere. Then, the cross-linked PPy-NF derived carbon nanofibers (CNF), or the porous hydroxylated carbon nanofibers (m-HCNF), was treated as conductive matrix to load elemental sulfur (i.e., molecular S 8 ) via melt-diffusion route at 155°C. And then, the frameworks CNF and m-HCNF, as well as their sulfur-loading counterparts of S/CNF and S/m-HCNF composites, were comparatively assayed to clarify advantages of the experimental design of m-HCNF as effective cathode scaffolds to improve the electrochemical reaction reversibility of molecular S 8 towards metallic lithium. Herein, only the high-temperature carbonization at 700°C could simply replicate the crosslinked nanofiber webs of precursor PPy-NF in morphology [28, 30, 38] , resulting in CNF with an average size of ~75 nm in diameter (Figure 2a and 2b) . By comparison, the simultaneous carbonization and activation of PPy-NF nanofibers could irregularly "destroy" the cross-linked network structure (i.e., the circular meshes) and shorten/roughen these nanofibers to produce the porous scaffolds of m-HCNF (Figure 2c and 2d) . Considering the pore-punching effectiveness of additive KOH, the subsequent sulfur-loading exerts almost no influence on the morphology of the porous carbon-based nanofibers m-HCNF (Figure 2c-f) . SEM and the corresponding elemental mapping images of composite S/m-HCNF clearly demonstrate the coexistence and homogeneous distribution of C, N, O and S elements (Figure 2g and 2h) , indicating that most of the elemental sulfur localizes within the porous structure of N-/O-containing carbonaceous framework m-HCNF. As for S/CNF composite, the subsequent sulfur-loading clearly made the nanofiber surface of CNF becoming rough, indicating the random deposition of molecular S 8 on the surface (Figure 3 ). Owing to the simultaneous activation of chemical KOH, the network nodes of precursor PPy-NF were "opened" for the resulting porous material m-HCNF (Figure 4c ). By high-resolution TEM, the white spots for the visually determined mesoporous structure of m-HCNF could be detected (Figure 4d ). Probably, thanks to both the surface adsorption of elemental sulfur and its sufficient infiltration into the inner voids of the carbon-based matrices, the porous and nanofiber-shaped structure of scaffold m-HCNF could hardly be recognized for S/m-HCNF composite (Figure 4e ). By focusing electron beam on a selected area of the composite, the obtained electron diffraction pattern reveals the amorphous nature of composite S/m-HCNF or its component sulfur (Figure 4f ). Two situations should be mentioned to demonstrate that only the surface adsorption dominates the sulfur-loading of non-porous CNF cross-linked nanofibers for the formation of composite S/CNF. The one is that, as reported by Manthiram et al [30, 32, 38] , there exist N-/O-containing functional groups for these PPy-NF-derived multichannel carbon nanofibers even without the assistance of activating agents and these surface-pendent functional groups can strongly interact with elemental sulfur. Another one is that, at least, the hollow-like structure of pristine CNF (Figure 4b ) could be partly preserved in composite S/CNF (Figure 5a, 5b) . As marked by the red arrows in Figure 5b , there still exist hollow channels in S/CNF composite after sulfur-loading. This indicates that parts of the channels are closed at least, or, the infiltration of molecular S 8 into these channels could be omitted.
Along with TEM observation, the corresponding electron diffraction pattern and EDS analyses further prove the successfully complexing of framework CNF with crystalline S 8 nanoparticles for the formation of composite S/CNF (Figure 5c, 5d) . According to the comparative EDS analyses, the sulfur-to-carbon atomic ratios (i.e., S/C, atom%/atom%) of composites S/CNF (~0.6/87.1) and S/m-HCNF (~4.6/82.6) further indicate the much more amount of elemental sulfur was encapsulated by the m-HCNF (Figure 4f, 5d) . (Figure 6c and 6d) . TG behavior of either CNF or m-HCNF displays an initial weight loss below 100 °C and a subsequent weight loss between 100 and 450 °C (Figure 6c or 6d) , assigned to the evaporation of absorbed water and the partial thermal decomposition of the carbonaceous matrix, respectively. In Figure 6c or 6d, the total weight loss of 48.9 (S/CNF) or 64.3 wt% (S/m-HCNF) was determined, and then by eliminating the effect of the corresponding scaffold, sulfur contents in composites S/CNF (47.0 wt%) and S/m-HCNF (62.0 wt%) could be calculated. Therefore, these further assure the advantage of KOH-assisted carbonization/activation to generate m-HCNF with a high surface-area-to-volume ratio for the closer contact with electrolyte.
Each XRD pattern of scaffolds CNF, m-HCNF and composites S/CNF, S/m-HCNF predominantly presents a reflection band around 23°, attributed to the mainly amorphous nature of them. In Figure 6e , one exception is the two diffraction bands, around 23° and 43°, of scaffold m-HCNF that coincide well with the (002) and (100) planes of graphitic carbon in sequence, which indicates the layered arrangement of the partial graphitized m-HCNF with an interlayer spacing of 3.85Å larger than that of graphite (i.e., 3.35Å). Especially, this is favorable for the electrochemical diffusion of lithium ions when applied as a cathode scaffold of Li-S batteries [40] . When sublimed sulfur was heat-treated at 155 °C for 10 h, the resulting S-treated sample possesses the exactly same XRD pattern as that of elemental sulfur (orthorhombic crystals, JCPDS No. 08-0247). This indicates a high thermal stability of molecular S 8 (Figure 6e ). Another exception is the diffraction peaks of orthorhombic sulfur crystals appearing in the XRD pattern of S/CNF composite, which prove that S 8 crystallites localize at the surface of non-porous CNF. O species in sequence [32, 43, 44] . It is expected that, aside from the substantial ability to adsorb/confine elemental sulfur and intermediate polysulfides, these functional groups could improve electrical conductivity of the composite [45] .
Enhanced Li
+ -ion transfer in S/m-HCNF composite electrode
Within the potential range of 1.5 and 3.0 V at 0.1 mV s −1 , initial three CV curves of S/CNF and S/m-HCNF composite electrodes are shown in Figure 8a and 8b, respectively. As for the composite S/CNF in the 1st cycle, its gradual lithiation reactions show two distinctive reduction peaks at 2.26 and 2.01 V, being attributed to the reductions of molecular S 8 to electrolyte-soluble intermediate polysulfides (Li 2 S n , 4 ≤ n ≤ 8) and then to the insoluble Li 2 S/Li 2 S 2 in sequence ( Figure 8a ). Subsequently, the 1st reverse delithiation of elemental sulfur exhibits a relatively broad oxidation peak around 2.50 V for the gradual transformation of Li 2 S/Li 2 S 2 to molecular S 8 . If the potential gap (E a/c ) between this anodic peak and the low-potential cathodic peak (i.e., 2.50 -2.01 = 0.49 V) could be treated as a parameter to denote the electrochemical reversibility of the full lithiation-delithiation process, the bigger of the E a/c value in each cycle and the higher of electrode polarization wherein. As marked in Figure 8a , in the 2nd CV cycle and thereafter, the bigger potential difference of redox peaks (i.e., E a/c value ~ 0.61 V) could be assigned to the already irreversible formation of interphase between solid-state electrode and solution-state electrolyte (i.e., SEI layer) in the 1st cycle [46] . 874.6 mAh g -1 , 88.8%). In the 2nd cycle and even in each cycle thereafter, an irreversible capacity fade has been generally assigned to the presence of electrolyte-soluble Li 2 S n (4 ≤ n ≤ 8) and its subsequently back and forward shuttling [47] . And, this seems to conflict with the same electrochemical reaction mechanism between molecular S 8 and metallic lithium at a constant dosage of electrolyte (30 mL) per gram of sulfur (i.e., the possibly constant concentration of Li 2 S n in electrolyte solution). As marked in Figure 8c , the voltage difference between the discharge and charge plateaus of S/CNF (0.25 V) is slightly bigger than that of composite S/m-HCNF (0.24 V), and probably, the bigger is the voltage difference and the higher concentration is the intermediate Li 2 S n (4 ≤ n ≤ 8) in electrolyte solution.
As for the comparative S/CNF cathode operated at 0.5 C, the galvanostatic cycling may cause the formation of the intermediate Li 2 S n (4 ≤ n ≤ 8) in each cycle and thus the corresponding irreversible capacity decay could gradually increase along with the increasing cycle number ( Figure  8d ). Within the initial 12 charge-discharge cycles at 0.5 C, the continuously penetrating of electrolyte into the mesoporous electrode may gradually activate composite S/m-HCNF and thus its reversible capacity decreases with the increasing cycle number (Figure 8d) . Thereafter, even if the high specific surface area of porous scaffold m-HCNF does hardly functionalize for the surface adsorption of the intermediate Li 2 Insofar as a carbon-doped cathode of Li-S battery is concerned, its carbon-modified electron conductivity (or the internal resistances) and its electrochemical activity (or the inner Li + -ion diffusion)
may be generally the rate-determining factors. At different electrochemical states, Nyquist plots and the corresponding equivalent circuits and data analyses of composites S/CNF and S/m-HCNF are comparatively revealed in Figure 9 , and the relative parameters of electrolyte-solution resistance (R e ), charge-transfer resistance (R ct ), surface-film resistance (R f ) are listed in Table 1 . The sum of R ct and R f values can adequately reflect the difficulty of the electrochemical reaction between elemental sulfur and metallic lithium, the value of R e is proportional to the concentration of Li 2 S n (4 ≤ n ≤ 8) intermediates in electrolyte solution and the Warburg impedance (Z w ) is related to Li + -ion diffusion into the bulk of the composite cathode [35, 48, 49] . There is no surface-film boundary formed prior to the elelctrode reaction between elemental sulfur and metallic lithium, and thus the higher R ct value of S/CNF (77.66 Ω) than that of S/m-HCNF (60.55 Ω) further confirms the superior lithiation-delithiation reversibility of the latter at open-circuit voltage (Figure 9a) . Based on the analysis of EIS results, Li + -ion diffusion coefficient (D Li ) within a lithium-intercalated electrode can be normally estimated according to the following equations [37, 50] :
Where, R is the gas constant (8. When Li + -ion diffusion within a lithium-intercalated electrode is rate-determining, the relationship between Z re and the root square angular frequency ω -0.5 is linear in a low frequency region.
As shown in Figure 9b, as big as that in bulk S/CNF, which can be reasonably attributed to the shorter Li + -ion diffusion path for mesoporous structure of S/m-HCNF. After 10 or 100 charge-discharge cycles at 0.5 C, the gradual increase of R e value and the emerging of high-frequency R f semi-circle could be detected by Nyquist plot (Figure 9c or 9e) . By comparison with the situation at open-circuit voltage, the increase of R e value can be attributed to the gradual formation of electrolyte-soluble Li 2 S n (4 ≤ n ≤ 8), while the sharp decrease of R ct + R f value may be assigned to the penetration of electrolyte solution into the bulk electrode ( Table 1) . As shown in Table 1 , the R ct + R f value of S/CNF electrode is always bigger than that of S/m-HCNF cathode under each electrochemical state, and these are consistent with the comparative cycling-and rateperformance results shown in Figure 8c -f. Table 1 . A summary of electrochemical parameters (i.e., R e , R f , R ct and R f + R ct ) and corresponding chi-square test coefficient (i.e., χ 2 ) obtained according to EIS results and the applied equivalent circuit presented in Figure 9a, As revealed in Figure 9d or 9f, after the 10th or 100th cycle at 0. 
